Introduction
Our knowledge of the effect of plate kinematics on the paleogeography of the South Georgia microcontinent is a key uncertainty in what is known of the tectonic development of Drake Passage, the ocean interchange at the southernmost extremity of South America. The opening of Drake Passage, in turn, may be of crucial importance for understanding the causes and effects of global change through Cenozoic times. In late-onset scenarios for Pacificto-Atlantic exchange through the passage the microcontinent is depicted traversing the Scotia Sea during Oligocene and Miocene times from an original position southeast of Tierra del Fuego (e.g. Barker et al., 1991) . By hindering deep water connectivity along the way until 22e17 Ma (Barker, 2001) , South Georgia could have played a role in Miocene changes to Antarctic glaciation by acting as the physical arbiter on the onset of Antarctic circumpolar oceanic circulation. This circulation has been suggested as necessary for the onset of continental-scale glaciation of Antarctica, which brought with it a range of global changes (Kennett et al., 1975) . Early-onset alternatives leave South Georgia closer to its present-day position, permitting shallow Pacific-to-Atlantic water exchange to play a role in fundamentally changing oceanic circulation patterns in such a way that carbon sequestration sites shifted offshore at around 50 Ma, a change that is suggested to have initiated the long Cenozoic decline in atmospheric CO 2 concentration, and with it global temperature (Eagles et al., 2006) .
Tectonostratigraphy
Well justified arguments concerning the original position of South Georgia are therefore very important. Although it can be traced back well over 50 years, the modern basis of the idea that South Georgia originated immediately southeast of Tierra del Fuego is in close tectonostratigraphic similarities between the two areas, which by now are separated from west to east by 1600 km (Fig. 1) . Although the similarities are strong, it should be noted they are not prescriptive as they are also shared with the majority of the southern Patagonian Andes (Katz, 1963; Kraemer and Riccardi, 1997; Stern and de Wit, 2003; Calderón et al., 2007) . The continental basement in both areas consists of pre mid-Jurassic metasedimentary rocks from accretionary settings (Dalziel and Elliot, 1971; Dalziel et al., 1975; Dalziel, 1982; Storey et al., 1977) . Both areas host Jurassic to early Cretaceous ophiolites, with MORB signatures typical of mantle that was very slightly affected by subduction in the furthest north and west, and more strongly by transform faulting in South Georgia (Alabaster and Storey, 1990; Stern, 1991) . The ophiolites and neighbouring intruded basement terranes form the floors of basins that are filled with Jurassic and early Cretaceous volcaniclastic aprons or deepsea fans that are dominated by andesitic and rhyolitic lithic debris (Winn, 1978; Storey and Macdonald, 1984) . In Tierra del Fuego the sediments were derived from a volcanic arc terrane situated SW of the basin (Bruhn, 1979) . On South Georgia, the Cumberland Bay Formation sediments were derived from an intermediate volcanic source to the SE, where minor occurrences of andesitic rocks are to be found in the Annenkov Island Formation, whereas the Sandebugten Formation was derived from the NE, in which direction there is currently no obvious source for the formation's prominent component of silicic volcaniclastic debris (Dalziel et al., 1975) . In both locations the basins have undergone tectonic inversion involving the action of thrust and left-lateral strike-slip faults, tight asymmetrical folding along WNWoriented axes and the development of a strong slaty cleavage, resulting in greenschist facies metamorphism (Winn, 1978) .
Plate kinematics
The standard interpretation of these relationships is that the two sequences formed neighbouring parts of a marginal basin at the Pacific margin of Gondwana (Dalziel et al., 1975) , usually referred to as the Rocas Verdes Basin, which was filled by sediment shed from a volcanic arc on its Pacific flank and silicic volcanic fields on the opposing flank (Winn, 1978) . After the basin was deactivated and shortened (Dalziel, 1981) it was dissected at the eastern end of Tierra del Fuego and its parts on South Georgia were transported eastwards to their present position, 1600 km away on the eastern end of the continental submarine North Scotia Ridge. About half of this transport can readily be explained as the result of seafloor spreading in the west Scotia Sea (w30e6 Ma), which when undone restores South Georgia to a position close to 45 W on the ridge (Eagles et al., 2005) . The remaining 800 km of displacement have been suggested to have occurred either shortly before or in accompaniment to this spreading by one of two routes (Fig. 2) . Route A involves transcurrent displacement along the North Scotia Ridge, as the continuation of a zone of strike-slip faulting that starts in Tierra del Fuego; this displacement is often related to the process of oroclinal bending that produced the pronounced eastwards bend of the Fuegian Andes . Route B uses a combination of additional eastewest and northesouth directed seafloor spreading within basins at the margins of the west Scotia Sea (Barker et al., 1991) .
Seismic and acoustic imaging of the North Scotia Ridge and Malvinas Basin reveal evidence for modest (w100 km) left-lateral transcurrent motion since Pliocene times (Ludwig and Rabinowitz, 1982; Cunningham et al., 1998; Tassone et al., 2008) . While there is evidence for strike-slip deformation in Eocene and Cretaceous times as well, this also seems to have been slight, as it is strongly outweighed by the evidence for contemporaneous convergence that accompanied the development of the Magallanes fold and thrust belt (e.g. Tassone et al., 2008) . Similarly, the presence of active strike-slip faults is well documented on land in Tierra del Fuego, but field relations and anisotropy of magnetic susceptibility data suggest only tens of kilometres of transcurrent motion along them; in the face of this the region's widely-documented large paleomagnetic rotations, which are also often attributed to oroclinal bending, are more plausibly related to shortening and tilting Maffione et al., 2009) . Fig. 2 also shows that the transcurrent motion in route A would have been achieved along faults striking approximately NE, an orientation that is neither common in strike-slip faults onshore in Tierra del Fuego nor easily interpretable from marine geophysical analyses of the North Scotia Ridge ( Fig. 1 ; Cunningham, 1995; Cunningham et al., 1998; Eagles et al., 2005; Glasser and Ghiglione, 2009 ). In summary, neither the hundreds of kilometres of transcurrent motion required to transport South Georgia to its present position by route A, nor the overall context for this motion in oroclinal bending, can be supported on the basis of currently available evidence.
The recognition of those problems with route A gave rise to the suggestion that South Georgia's translation occurred on the eastern margins of two small oceanic basins in southern Drake Passage, either accompanying or preceding 400 km of northward plate motion towards and into collision with the Falkland Plateau as a result of Neogene seafloor spreading in the central Scotia Sea (e.g. Barker et al., 1991; Fig. 2, route B) . This poses a problem for the Pacific margin placement of South Georgia by inserting the continental blocks of Terror Rise, Pirie and Bruce banks between it and Tierra del Fuego (Eagles et al., 2006) . Regardless of whether or not this problem might be absorbed or accepted as a detail, route B has other difficulties that make it untenable. Given the eastewest oriented framework of Neogene major plate motions, northesouth directed back-arc spreading in the central Scotia Sea can only have Fig. 1 . Geology of part of Tierra del Fuego (top) and South Georgia (bottom), after Stern and de Wit (2003) and Storey and Macdonald (1984) . Background to South Georgia map: magnetic anomalies (gridded from data recorded along the white dotted lines and reduced to the pole to minimize phase effects) from the compilation of Eagles et al. (2005) . Batholith: igneous rocks formed at the Pacific margin following the deactivation of the Rocas Verdes Basin. CBSZ: Cooper Bay Shear Zone. been possible if the ridge in the basin were coupled to rollback of a trench formed at a south directed subduction zone consuming South American oceanic lithosphere beneath South Georgia (Barker et al., 1991) . There is no trace of the Neogene volcanism on South Georgia that would have resulted from this proposed subduction. Furthermore, there is no evidence in seismic, sidescan sonar, or bathymetry data sets for convergence or subduction in the Falkland Trough north of South Georgia (Ludwig and Rabinowitz, 1982; Cunningham et al., 1998; Graham et al., 2008) .
Presently-available plate kinematic evidence only therefore permits the conclusion that South Georgia occupied more-or-less the same position on the North Scotia Ridge in Jurassic times that it did in Oligocene times, before seafloor spreading created the west Scotia Sea. On its own, this does not preclude a Jurassic position for South Georgia on the Pacific margin of Gondwana, having been moved from there by the process of true oroclinal bending (regional folding about a vertical axis) but it clearly cannot explain South Georgia's separation from Tierra del Fuego . Worse still, however, paleomagnetic data equivocate on the idea of oroclinal bending by any means in the southern Andes, at least since the opening of the Rocas Verdes Basin, and suggest that the process if it occurred at all probably only affected the region marginward of the basin (e.g. Burns et al.,1980; Kraemer, 2003; Ghiglione and Cristallini, 2007; Maffione et al., 2009) . Right now, for South Georgia, it seems safest to conclude that oroclinal bending processes are neither a suitable explanation for a Jurassic Pacific margin placement nor for a placement neighbouring Tierra del Fuego.
South Georgia in Gondwana
The debate on oroclinal bending would be irrelevant in this context if South Georgia's tectonostratigraphy could reasonably be explained in the location implied by retaining it within the Oligocene geometry of the North Scotia Ridge at all earlier times. Made using these constraints, Fig. 3 shows a reconstruction to the times immediately before any of the movements between east and west Gondwana that were recorded in new seafloor, by employing the closed circuit of major plate rotations described by Eagles and Vaughan (2009) , which are based on the orientations of fracture zones and magnetic anomaly data in the Weddell Sea (e.g. Ghidella et al., 2002) . The only addition to that work shown here is to simplistically and illustratively include Graham Land in a position immediately to the west of Patagonia. While this kind of placement is frequently used in reconstructions, there is disagreement on how far north the overlap may have continued, and Fig. 3 is not intended to make a definitive statement on this issue (e.g. Barron et al., 1978; Calderón et al., 2007; Hervé et al., 2003 Hervé et al., , 2005 . Instead, together with the following, I use Fig. 3 to detail how the known tectonostratigraphic elements of South Georgia can indeed be explained as the result of processes acting in such a location.
Basement
Outcrops at Black and Shag Rocks on the North Scotia Ridge, and drilling data in the Malvinas Basin, show that both areas share a similar pre-Jurassic metasedimentary basement with South Georgia and Tierra del Fuego (Dalziel and Elliot, 1971; Tassone et al., 2008) . The basement of the Falkland Plateau, in contrast, consists of older, Proterozoic, metasediments intruded by granitoids that may be as young as Cambrian, exposed at Cape Meredith on the Falkland Islands, possibly also penetrated in DSDP hole 330 on Maurice Ewing Bank, and continuing west beneath the Deseado Massif to be referred to collectively as the Deseado Terrane (Pankhurst et al., 2006; Schilling et al., 2008) . On the reconstruction, the basement metasediments of Tierra del Fuego, the North Scotia Ridge and South Georgia are depicted as a Paleozoic-aged autochthonous, probably accretionary, southern rim to the Deseado Terrane (Fig. 3a) . Consistent with this view, detrital zircon compositions from Tierra del Fuego (Barbeau et al., 2009; Hervé et al., 2010) show that the Paleozoic metasediments there accumulated in sedimentological communication with the interior of Gondwana. Basement rocks in Graham Land may be similar (Millar et al., 2002) , consistent with it forming a northwestern continuation of this rim as shown. The reconstruction thus suggests an S-shaped bend of the Pacific margin of Gondwana, which may be interpreted either as a primary remnant of the collision of the Deseado Terrane with Gondwana, or perhaps as the result of pre-Toarcian transcurrent motions between east and west Gondwana along the line of the supercontinent's eventual breakup.
Basin floor
Above its basement, drilling (Barker et al., 1977) and seismic data (Del Ben and Mallardi, 2004) around Maurice Ewing Bank reveal the upper reaches of a south-facing extended continental margin. A deeper, Jurassic, sequence is normally faulted, with the majority of faults dipping towards the south, and separated from shallower more smoothly layered sediments by a late Jurassic southward-dipping breakup unconformity. Lying w200 km to the south of this in Jurassic times, it would not be unreasonable for South Georgia to have occupied a more oceanward portion of the same margin (Fig. 3b) . Consistent with this, the densely intruded Drygalski Fjord Complex is interpreted as representing a continenteocean transition zone (Storey and Mair, 1982) . From it, hornblendes in gabbro yield KeAr dates from around Gondwana breakup (201 AE 7 Ma and 186 AE 9 Ma; Tanner and Rex, 1979) . AreAr and UePb dating and trace element and Nd-isotope analyses on various elements of the Larsen Harbour Complex record how, by 150 AE 1 Ma, this continenteocean transition had evolved into an oceanic basin that contained long transform faults, suggesting a prominent role for shearing and consistent with the sedimentological evidence for the basin's narrowness (Dalziel et al., 1975; Alabaster and Storey, 1990; Mukasa and Dalziel, 1996) . It is not necessary to invoke a marginal basin in this setting, as this mixture of movements was an expression of major plate motions between east and west Gondwana; they are mirrored on the conjugate margin in the Weddell Sea (Kristoffersen and Haugland, 1986) and are independently predicted by completion of the plate circuit in Gondwana (Eagles and Vaughan, 2009) . Although their plate kinematic histories are less well constrained, the Rocas Verdes basinal remnants preserved further west in the Tortuga and Sarmiento complexes of Tierra del Fuego may represent more westerly reaches of the same boundary, given their similar ages (Mukasa and Dalziel, 1996; Calderón et al., 2007) .
Basin fill
The source of the volcaniclastic detritus in South Georgia has been related to an arc terrane suggested to crop out as parts of the Annenkov Island Formation south of the main island (Storey and Tanner, 1982) . There, magnetic data suggest the presence of a small number of point-like volcanic centres, but no wide, linear, ESE-striking, subduction-related arc (Fig. 1) . Volcanic centres on this scale are explicable as parts of the Late JurassicdCretaceous Chon Aike silicic large igneous province, with its bimodal occurrences of rhyolites and andesites (Pankhurst and Rapela, 1995) . Winn (1978) invoked rocks of the province in Tierra del Fuego as a viable source for the basin fill on South Georgia, but other occurrences, and hence other possible sediment sources, are widespread in Patagonia, the Antarctic Peninsula, and along the North Scotia Ridge (Pankhurst and Rapela, 1995; Pankhurst et al., 1998; Pandey et al., 2010) . Consistent with paleocurrent measurements (Dalziel et al., 1975) and with the paleogeographical context introduced in Fig. 3 , it is also possible to envisage an andesitic source related to that of Polarstern Bank, a large seamount near the SE margin of the Weddell Sea, and rhyolitic sources along the Lebombo monocline and its continuation at the Explora Escarpment, also in the Weddell Sea. Rhyolites are a prominent component of the Lebombo sequence (Riley et al., 2004) , but the volcanic chemistry of Polarstern Bank is unknown.
Deformation and ophiolite emplacement
The Drygalski Fjord and Larsen Harbour complexes were tectonically emplaced along the Cooper Bay Shear Zone, a NW-trending mylonitized fault zone with a complicated history of normal, reverse, oblique and left-lateral strike-slip or transtensional deformation (Storey and Macdonald, 1984; Curtis, 2007; Curtis et al., 2010) . Dalziel (1981) suggested that some of these movements occurred in mid-Cretaceous times on the basis of observations on rocks in South America that he assumed to be near neighbours to South Georgia's. Tanner and Rex (1979) suggest the timing of uplift coincided with a thermal event in the Drygalski Fjord Complex at 150e135 Ma, and Curtis et al. (2010) show that the Cooper Bay Shear Zone was indeed probably active some time between 160 Ma and 84 Ma, and probably in a left-lateral transcurrent setting.
An alternative setting for the deformation invokes Eagles and Vaughan's (2009) Pelayo and Wiens (1989) and Thomas et al. (2003) report on earthquakes that show late Cenozoic convergent processes continue today in the deep basin southwest of South Georgia.
Summary & Paleoceanographical implications
In spite of its tectonostratigraphic likeness to Tierra del Fuego, plate kinematic data show the South Georgia microcontinent as having originated at the eastern end of the North Scotia Ridge. Here, it can be envisaged as having formed part of a wide zone of mixed heritage that accreted to, or detached from and was accreted back to, west Gondwana in Paleozoic times (Pankhurst et al., 2006) . Later, the island formed part of a sheared and then passive margin on the southern fringe of the Falkland Plateau as this mixed zone became the locus of the supercontinent's breakup. Later still it was transported eastwards to its present position. With such a history, the microcontinent could not have presented a proximal barrier to deep PacificdAtlantic flow during the Eocene-onset opening of Drake Passage and is equally unlikely to have presented any serious obstacle to shallower connectivity earlier on. The passage may thus have played a role in global change starting at that time, by allowing the shallow PacificdAtlantic current flow through which a shift in oceanic circulation and productivity patterns could have been initiated.
Instead, with such a placement, South Georgia would more likely have presented a long-lived barrier to northward turning currents within the Scotia Sea. In the presence of such a barrier, any deep current would have been compelled to exit the young Scotia Sea through gaps between ancestral islands and seamounts of the South Sandwich Arc, as jets of the present-day Antarctic Circumpolar Current do today. A northward turning current perhaps only recently became possible at about 17 Ma when seafloor spreading at the West Scotia Ridge slowed and a median valley appeared, effecting the opening of the Shag Rocks Passage as the ridge propagated northwards (Eagles et al., 2005) . Such a sequence of events is consistent with estimates of the relatively late-onset of contourite sedimentation in the Falkland Trough (Koenitz et al., 2008) , which hence need not be regarded as a primary record of the onset of the Antarctic Circumpolar Current. Having recognized this, however, the absence of any other strong evidence in the Southern Ocean for significant circumpolar flow prior to latest Oligocene times should be noted (Pfuhl and McCave, 2005) . In the light of what I have shown here, it is possible to conclude that while a deep water passageway undoubtedly existed but appears not to have been utilized for circumpolar flow, this may not have been because of the presence of a physical barrier in Drake Passage, but instead because of the lack of a strong meridional temperature gradient to drive it.
